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Introduction

Paget’s disease of bone (PD) is the second most common bone disease after osteoporosis and
affects approximately 2-3 million people in the United States. Both viral and genetic factors
have been implicated in the pathogenesis of Paget’s disease. Mutations (P392L) in the
ubiquitin-associated (UBA) domain of sequestosome 1 (SQSTM1/p62) gene have been
identified commonly in these patients (1). Osteoclast is the bone resorbing cell. Paget’s
disease is characterized by markedly increased osteoclast formation and excess bone
resorption. These abnormal osteoclasts contain paramyxo-viral nuclear inclusions and
antigens. We previously detected expression of measles virus nucleocapsid (MVNP)
transcripts in osteoclasts from patients with Paget’s disease. Also, we have shown that MVNP
gene transduction to normal human osteoclasts precursors results in formation of osteoclasts
with pagetic phenotype (2). RANK ligand (RANKL), a critical osteoclast differentiation factor
expressed by marrow stromal/preosteoblast cells is increased in PD (3). We have previously
cloned and characterized the Ly-6 family member, osteoclast inhibitory peptide-1 (OIP-1/hSca)
which inhibits osteoclast formation and bone resorption activity. Targeted over-expression of
OIP-1 in the osteoclast lineage develops an osteopetrosis bone phenotype in mice due to
inhibition of osteoclast formation/bone resorption activity in vivo (4). Also, retroviral
expression of MVNP in osteoclast progenitor cells from OIP-1 transgenic mouse showed a
significant decrease (43%) in osteoclast formation and inhibition (38%) of bone resorption area
compared to wild-type mice (5). We therefore hypothesize that that over-expression of OIP-1
in cells of osteoclast lineage in vivo inhibits measles virus nucleocapsid protein (MVNP) and
p62(P392L) gene mutant induced pagetic osteoclast development/bone resorption function.
The proposed studies to test the hypothesis will facilitate development of novel therapeutic
agents to control abnormal osteoclastogenesis and high bone turnover in Paget’s patients.

Body:

The progress on Task-1 (1-12 months ) in the statement of work is as follow:

Task 1. Determine the gene expression profiling with respect to measles virus nucleocapsid
(MVNP) and p62 mutant gene expression in pre-osteoclast cells. (Months 1-12):

(@) Identify the gene expression profiling of MVNP and p62 mutant transduced
osteoclast precursors (Months 1-6).--- We developed retroviral plasmid constructs of
p62-FL, p62-Exon-8 mutation and MVNP Expression using pLXSN vector. To assess the
gene expression pattern, total RNA isolated from human bone marrow derived
preosteoclast cells transduced with empty vector (EV), p62 exon -8 UBA mutant, wild
type p62 and MVNP were subjected to, large scale gene expression profiling using the
Agilent whole genome 4x44K array system which analyzes ~26,000 genes. Gene array
data were analyzed using stringent criteria that restricted the scored genes for specific
hybridization values 2 2-fold. We thus identified genes that are differentially
expressed in preosteoclast cells. Scatter plot and functional gene cluster analysis
revealed differential gene expression in all the groups compared to EV control
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(Fig.1A&B). We thus identified several genes important for osteoclastogenesis and
bone resorption function that are up-regulated and down-regulated. Gene expression
profiles were analyzed by GOTM, a web-based platform, and MVNP and p62 mutant
regulated genes were functionally grouped for cytokines/growth factors, chemokines,
signaling/interacting proteins, adhesion and trafficking proteins, proteases, calcium
signaling and ATPases genes.

(normaized)

Sangle PE2EV (normakzed)
100 1000

Fig.1. Microarray profiing of gene expression in Paget's
disease. Total RNA isolated from preosteoclast cells transduced
with EV, p62 FL, p62-Ex8 and MVNP expression vectors and
stimulated with RANKL (100 ng/ml) for 48 hrs was subjected to
Agilent chip microarray analysis. (A) Scatter plot and (B) Cluster
analysis of ~ 26,000 genes revealed differential gene
expression. Gene expression profile presented as: Red — high
expression, Yellow — medium expression, Blue — low expression.

Fig.1B

(b) Determine the validity of microarray gene expression results with respect to MVNP

and p62 mutant stimulated osteoclasts (Months 6-9).---

We confirmed the MVNP and p62 regulated gene expression in preosteoclast cells by

real-time RT-PCR and Western blot analysis. Western blot analysis further identified

that UBA domain mutant of p62 significantly increased (3.4-fold) the levels of c-Fos

expression in these cells. In addition, real-time PCR analysis demonstrated that p62 UBA

mutant significantly increased (6.5-fold) NFATcl mRNA expression compared to wild-
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type p62 transfected RAW 246.7 cells. In contrast, no significant changes in the levels
of c-Fos and NFATc1 were observed in wild-type and non-UBA domain exon-7 mutant
p62 transfected cells. Several other important genes that are important to osteoclast
differentiation and fold increase in mRNA expression by MVNP and p62 mutant and wild
type p62 FL compared to empty vector control are listed in the table-1:

Gene Name Gene Access Number Empty Vector Vs Empty Vector Vs Empty Vector Vs
p62 FL P62 Ex8 MVNP

TRAF2 NM_021138 1.12 0.69 3.86

TRAF6 NM_145803 0.83 1.42 0.54

Jun Kinase NM_005456 6.03 0.54 5.02

NFATc1 NM_172387 0.86 1.52 2.39

NFATc3 NM_173164 2.19 3.02 0.41

ITGA2B NM_000419 7.26 27.15 7.33

ITGB3 NM_000212 26.00 184.81 63.51

OSCAR NM_206818 0.63 -0.13 0.67

Assess the potential of MVNP and p62 mutant regulated genes to develop pagetic
osteoclasts (Months 9-12).--- Recent evidence indicates that deubiquitinating enzyme
CYLD negatively regulates RANKL signaling during osteoclast differentiation (6). We
hypothesized that CYLD interaction with p62 may play important role in enhanced
osteoclastic differentiation/activity in PD. Interestingly, co-immune precipitation assay
identified CYLD binding with wild-type, exon-7 mutant but not with UBA domain mutant
of p62 expressed in RAW 264.7 osteoclast progenitor cells. To examine the role of p62
mutants and CYLD in osteoclast differentiation, we transduced p62 wild-type, non-UBA
and UBA domain mutants in to mouse bone marrow non-adherent cells and cultured for
osteoclast differentiation. As shown in Fig.2, p62 UBA mutant significantly increased
TRAP positive multinucleated osteoclasts formation. However, there is no change in
osteoclast differentiation in p62 wild-type and non-UBA mutant compared to empty
vector transduced cells. Interestingly, shRNA knock-down of CYLD expression,
significantly increased osteoclast formation in p62 wild-type and non-UBA mutant
transduced cells indicating that p62 UBA domain mutant which lacks CYLD interaction
enhances osteoclast differentiation. We next determined if CYLD plays a role in AP-1
Luc reporter gene activity. Interestingly, siRNA suppression of CYLD increased (3.4-fold)
AP-1 activity in wild-type and exon-7 mutant transfected RAW 264.7 cells (Fig.3).
Furthermore, siRNA suppression of CYLD expression significantly increased (4.2-fold)
pPNFAT-Luc reporter gene activity in p62 wild-type transfected cells compared to non-
specific siRNA transfected cells. These results suggest that CYLD is a negative regulator
of osteoclastognesis and that p62 UBA mutant (P392L) abolished the interaction with




CYLD results in up-regulation of c-Fos and NFATc1 transcription factors, which implicates
a potential role in enhanced osteoclast development in PDB.

pﬁz“l pﬁzAJBl\' p62P392L

& T TRCE
-..:m_%;@i.- ,&f% Fig 2. shRNA suppression of CYLD

.’:'I‘: :

EV
- "
il

7

Control

e

L ¢

s !
o |

——— expression up regulates osteoclast
ke differentiation in p62 transduced mouse
s T e i bone marrow cultures. Mouse bone
marrow derived non-adherent cells were
70 o g ' transduced with CYLD shRNA and over
. : expressed with p62wt, p62****V (non-UBA
domain mutant) and p62”*°?* (UBA domain
mutant). The cells were stimulated with
= e e ey RANKL (100 ng/ml) and M-CSF (10 ng/ml)
for 5 days and the TRAP (+) multinucleated
OCLs formed in these cultures were
scored. The results represent
guadruplicate cultures of three
independent experiments (*p < 0.05).

Fig. 3. CYLD interact with UBA domain of p62
¥ and negatively regulates AP-1 cis —Reporter
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In related studies, we identified by FACS analysis that the osteoclast inhibitory peptide
(OIP-1) binds to the FcyRIIB in RAW 264.7 preosteoclast cells to inhibit osteoclast
differentiation (Fig. 4) (see article copy appended). These results implicate the utility of
OIP-1 to inhibit MVNP, p62 mutant regulated gene expression and osteoclast
differentiation for Task-2 and Task-3 studies.




Fig. 4. FACS analysis of OIP-1 c-peptide binding to
RAW 264.7 cells. RAW cells were incubated with
! 10 uM fluorecein conjugated OIP-1 c-peptide or
I non-specific peptide for 2 hr and subjected to
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Task 2. Determine the OIP-1 inhibition of MVNP and p62 mutant regulated gene expression
which stimulates osteoclast bone resorption activity. (Months 13-24).-- Not yet initiated

Task 3. Assess the potential of OIP-1 to inhibit MVNP and p62 mutant induced osteotropic
cytokines such as IL-1, IL-6, FGF-2 production by osteoclasts and stimulation of RANKL gene
expression in bone microenvironment. (Months 25-36). -- Not yet initiated

Key Research Accomplishments:

e We developed HA-tagged retroviral expression vectors of p62 wild-type, non-UBA
domain mutation in exon-7 (A381V) and UBA domain mutation in exon-8 (P392L).

e We established gene expression profiling of p62 wild-type, non-UBA domain mutation in
exon-7 (A381V) and UBA domain mutation in exon-8 (P392L) transduced human bone
marrow derived preosteoclast cells by Agilent chip microarray analysis.

Reportable Outcomes

Article(s):

Shanmugarajan S, Beeson C and Reddy SV. Osteoclast Inhibitory Peptide-1 (OIP-1/hSca) binding
to the FcyRIIB results in inhibition of osteoclast differentiation. Endocrinology, 151:4389-4399,
2010.

Abstract(s):

Sundaram K, Shanmugarajan S, Rao DS and Reddy SV. Functional role of p62 (SQSTM1)
interaction with deubiquitinating enzyme CYLD in Paget’s disease of bone. ASBMR 31°" Annual
meeting, Sept. 2009, Denver, CO.

Conclusions

In conclusion, We established gene expression profiling of p62 wild-type, non-UBA domain
mutation in exon-7 (A381V) and UBA domain mutation in exon-8 (P392L) transduced human
bone marrow derived preosteoclast cells by Agilent chip microarray analysis. We identified
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CYLD binding with wild-type, exon-7 mutant but not with UBA domain mutant of p62 expressed
in RAW 264.7 osteoclast progenitor cells. These results may identify new therapeutic targets to
control excess osteoclast activity and high bone turnover in PD as well test the therapeutic
potential of OIP-1 to reduce bone pain/stress fractures associated with Paget’s disease of bone.
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GROWTH FACTORS-CYTOKINES

Osteoclast Inhibitory Peptide-1 Binding to the FcyRIIB
Inhibits Osteoclast Differentiation

Srinivasan Shanmugarajan, Craig C. Beeson, and Sakamuri V. Reddy

Charles P. Darby Children’s Research Institute (S.S., S.V.R.) and Department of Pharmaceutical Sciences
(C.C.B.), Medical University of South Carolina, Charleston, South Carolina 29425

Osteoclast inhibitory peptide-1 (OIP) is an autocrine/paracrine inhibitor of osteoclast differentia-
tion, and mice that overexpress OIP-1 in osteoclast lineage cells develop an osteopetrosis bone
phenotype. In this study, we show that OIP-1 binding to the Fcy receptor 1IB (FcyRIIB) inhibits
osteoclast differentiation. Confocal microscopy revealed colocalization of OIP-1 with FcyRIIB in
osteoclasts, and we observed that OIP-1 carboxy-terminal GPI-linked peptide forms a 1:1 complex
with recombinant FcyRIIB protein with an affinity binding of a dissociation constant of approxi-
mately 4 um. Immunoreceptor tyrosine-based activation motif (ITAM)-bearing adapter proteins
(FcRy and DNAX-activating protein of molecular mass 12 kDa) are critical for osteoclast develop-
ment, and OIP-1 transgenic mouse-derived preosteoclast cells demonstrated suppression (6-fold)
of ITAM phosphorylation of FcRy but not DNAX-activating protein of molecular mass 12 kDa.
Interestingly, these preosteoclast cells demonstrated increased levels (4-fold) of immunoreceptor
tyrosine-based inhibitory motif phosphorylation of FcyRIIB and Src homology 2-domain-contain-
ing proteins tyrosine phosphatase 1 activation. Further, OIP-1 mouse-derived preosteoclasts cells
demonstrated inhibition of spleen tyrosine kinase activation (4.5-fold), compared with wild-type
mice. These results suggest that cross-regulation of immunoreceptor tyrosine-based inhibitory
motif and ITAM bearing Fc receptors may play a role in OIP-1 suppression of spleen tyrosine
kinase activation and inhibition of osteoclast differentiation. Thus, OIP-1 is an important
physiologic regulator of osteoclast development and may have therapeutic utility for bone
diseases with high bone turnover. (Endocrinology 151: 4389-4399, 2010)

e have previously identified and characterized the
Wosteoclast inhibitory peptide-1 (OIP-1/hSca) as an
autocrine/paracrine inhibitor of osteoclast differentiation
(1, 2). More recently, we have shown that targeted over-
expression of OIP-1 in osteoclast lineage cells produces an
osteopetrosis bone phenotype in mice (3). OIP-1/hSca,
also termed retinoic acid-induced gene expression or hu-
man thymic sheared antigen (TSA-1/Sca-2), is a Ly-6 gene-
related differentiation antigen expressed on immature thy-
mocytes and thymic epithelial cells (4). OIP-1/hSca is a
glycophosphatidylinositol (GPI)-linked membrane pro-
tein (16 kDa) containing a 79-amino acid extracellular
peptide and a 32-amino acid carboxy-terminal GPI-linked
peptide (c-peptide). We have shown that the OIP-1 c-pep-
tide region is critical for its osteoclast inhibitory activity
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(1); however, a functional cognate receptor/membrane
protein that interacts with OIP-1 in osteoclast progenitor
cells is unknown.

We have previously shown that interferon-y stimulates
OIP-1 expression in osteoclast precursor cells (2). Sca-2, a
murine homolog of OIP-1, is a marker gene expressed
during early T-cell development/activation and may play
a regulatory role in thymocyte differentiation (5). Previ-
ously, Sca-2 has been described to function as a modulator

Abbreviations: CD3, Cluster of differentiation 3; CFU-GM, colony-forming unit granulo-
cyte-macrophage; Co-IP, coimmunoprecipitation; c-peptide, carboxy-terminal GPI-linked
peptide; DAP12, DNAX-activating protein of molecular mass 12 kDa; FACS, fluorescence-
activated cell sorting; FcyRIIB, Fcy receptor I1B; FITC, fluorescein isothiocyanate; GPI, gly-
cophosphatidylinositol; ITAM, immunoreceptor tyrosine-based activation motif; ITIM, im-
munoreceptor tyrosine-based inhibitory motif; Ky, dissociation constant; MALDI, matrix-
assisted laser desorption/ionization; M-CSF, macrophage colony-stimulating factor; MS,
mass spectrometry; NF-«B, nuclear factor kB; NFATc1, nuclear factor of activated T-cells,
cytoplasmic 1; OIP-1/hSca, osteoclast inhibitory peptide-1; RANKL, receptor activator for
nuclear factor kB ligand; pSHIP, phospho-SHIP; p-Y, antiphosphotyrosine; SH2, Src homology
2; SHIP, SH2-domain-containing inositol-5-phosphatase; SHP, SH2-domain-containing pro-
teinstyrosine phosphatase; siRNA, smallinterfering RNA; Syk, spleen tyrosine kinase; TCR, T-cell
receptor; TOF, time-of-flight; TRAP, tartrate-resistant acid phosphatase; TSA-1/Sca-2, human
thymic sheared antigen; WT, wild type.
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of the T-cell receptor (TCR) signaling pathway (6). An
anti-Sca-2 monoclonal antibody inhibited tyrosine phos-
phorylation of cluster of differentiation 3 (CD3){ chains
and IL-2 production induced by anti-CD3 stimulation in
T-cell hybridomas, suggesting that a signal via Sca-2 reg-
ulates early and late events in TCR signaling (7). GPI-
anchored proteins are membrane bound and can be shed
from the cell surface in membrane-bound vesicles or re-
leased by the action of phospholipase C. In addition, GPI-
linked proteins transmit signals to the cell interior by in-
teracting with nonreceptor type tyrosine kinases p56'
and 597" (8). However, TSA1/Sca-2 GPI-anchored mem-
brane protein lacks transmembrane and cytoplasmic re-
gions, and how Sca-2 transmits signals into the cell cyto-
plasm is unclear. Recently, it has been reported that Sca-2
is physically and functionally associated with CD3{ chains
of the TCR complex (9).

Evidence suggests a physical association between
TSA-1 and Fcy receptor IIB (FcyRIIB) on the surface of
activated B cells (10). FcyRIIB contains an immunorecep-
tor tyrosine-based inhibitory motif (ITIM). ITIM-contain-
ing receptors were originally identified by their ability to
inhibit signaling by immunoreceptor tyrosine-based acti-
vation motif (ITAM)-bearing receptors (11). Most recent
studies indicate that Ly49Q, an ITIM-bearing natural
killer receptor, functions as a positive regulator of oste-
oclast differentiation (12). Src homology 2 (SH2)-domain-
containing proteins tyrosine phosphatase 1 (SHP1) and
SHP2 and SH2-domain-containing inositol-5-phospha-
tase-1 (SHIP1) having affinity for ITIM has been shown to
negatively regulate osteoclastogenesis (13, 14). ITAM-
bearing common <y-subunit of FcRs (FcyRI and FcyRIII)
and DNAX-activating protein of molecular mass 12 kDa
(DAP12) are crucial for osteoclast development. Spleen
tyrosine kinase (Syk) functions as an adaptor molecule for
ITAM signaling of FcRy and DAP12 (15). Also, ITAM-
based activation of Syk plays a central role in multiple
biological functions beyond the adaptive immune re-
sponse, including bone resorption (16). In this study, we
demonstrate that OIP-1 binding to the FcyRIIB expressed
on osteoclast progenitor cells results in inhibition of os-
teoclast differentiation and implicate OIP-1 as an impor-
tant physiologic regulator of bone remodeling.

Materials and Methods

Reagents

OIP-1/hSca c-peptide (NFSAADGGLRASVTLLGAGLLLS-
LLPALLRFGP) was synthesized by Genemed Synthesis, Inc.
(San Francisco, CA). OIP-1 expression plasmid OIP-1 CDS 5-3
was constructed as described earlier (2). OIP-1 c-peptide was
labeled with fluorescein isothiocyanate (FITC) following the

OIP-1 Inhibition of Osteoclast Differentiation

Endocrinology, September 2010, 151(9):4389-4399

manufacturer’s protocol (Pierce, Rockford, IL). Recombinant
mouse receptor activator for nuclear factor kB (NF-«B) ligand
(RANKL) (catalog no. 462-TR-010), mouse macrophage
colony-stimulating factor (M-CSF) (catalog no. 416-ML-010)
and extracellular domain of the mouse FcyRI protein (catalog
no. 2074), human FcyRIIA protein (catalog no. 1330), mouse
FcyRIIB protein (catalog no. 1460), mouse FcyRIII protein (cat-
alog no. 1960), and monoclonal mouse anti-FcyRIIB antibody
(catalog no. MAB-14601) were obtained from R&D Systems
(Minneapolis, MN). Small interfering RNAs (siRNAs) were cus-
tom designed for FcyRIIB (NM_001077189) (QIAGEN, Inc.,
Valencia, CA). Antigoat polyclonal DAP12 antibody (sc-7853)
and SHIP1/2 antibody (sc-14503) were obtained from Santa
Cruz Biotechnologies (Santa Cruz, CA). Anti-FceRI, y-chain
specific rabbit polyclonal IgG (catalog no. 06-727), antiphos-
photyrosine (p-Y) (clone 4G10) mouse monoclonal IgG (catalog
no. 12-302), and anti-SHP1/2 (clone NL213) rabbit monoclonal
IgG (catalog no. 05-742) were purchased from Upstate Cell Sig-
naling Solutions (Lake Placid, NY), and antirabbit Syk, anti-
pSyk, and anti-pSHP2 antibodies were obtained from Cell Sig-
naling (La Jolla, CA). Antiphospho-SHIP1/2 antibody (Stemcell
Technologies, Vancouver, British Columbia, Canada) and anti-
rabbit pSHP1 (PY536) antibody were obtained from Abcam
(Cambridge, MA).

Animals

We have recently developed OIP-1 transgenic mice that over-
express OIP-1 in osteoclast lineage cells using the mouse tartrate-
resistant acid phosphatase (TRAP) gene promoter (3). FcyRIT ™/~
(stock no. 002848) deficient mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). All procedures involving
animal use were approved by the Institutional Animal Care and
Use Committee of the Medical University of South Carolina.

Cell culture and transfection

RAW 264.7 cells obtained from American Type Culture Col-
lection (Rockville, MD) were cultured (at 37 C, 5% CO,) in
DMEM supplemented with 10% fetal bovine serum and anti-
biotics. RAW 264.7 cells were transiently transfected with plas-
mid OIP-1 CDS 5-3 expression vector and 10 um siRNA against
FcyRIIB by lipofectamine. After 48 h, total-cell lysates obtained
from these cells were subjected to Western blot analysis for OIP-1
and FcyRIIB expression using rabbit anti-OIP-1 and anti-
FcyRIIB antibody, respectively.

Fluorescence-activated cell sorting (FACS) analysis

The OIP-1 c-peptide binding with FcyRIIB membrane recep-
tor in RAW 264.7 cells was determined by FACS analysis. The
RAW 264.7 cells transfected with nonspecific control and
FcyRIIB siRNA were harvested using enzyme-free dissociation
buffer, washed once, resuspended in 100 ul FACS buffer, and
incubated with 10 um FITC-conjugated OIP-1 c-peptide or non-
specific peptide at 4 C for 2 h. Cells were washed twice and
resuspended in 500 wl FACS buffer and subjected to FACS anal-
ysis. Live cells were gated using propidium iodide (Roche, Indi-
anapolis, IN) staining, and 10,000 events were acquired using a
BD FACS Calibur flow cytometer and analyzed using BD Cell
Quest software (BD Biosciences, San Jose, CA).

Coimmunoprecipitation (Co-IP) assay
The cell lysates from RAW 264.7 cells transfected with or
without OIP-1 ¢cDNA expression vector and wild-type (WT),
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OIP-1, FcyRII™'~ mouse bone marrow-derived preosteoclast
cells were subjected to Co-IP. Briefly, 250 ug of protein were
incubated with agarose A for 2 h to preclear nonspecific binding.
Cell lysates were centrifuged, and the supernatant obtained was
incubated either with anti-OIP-1 antibody, anti-FcyRIIB anti-
body, FcRy chain specific antibody, anti-DAP12 antibody, or
control IgG overnight at 4 C on an orbital shaker. The immune
complexes were captured by adding 100 ul protein A agarose
(Sigma, St. Louis, MO) beads and incubated for 2 h at 4 C fol-
lowed by centrifugation. The pellets were boiled for 5 min in
reducing sample buffer and subjected to SDS-PAGE. The gels
were either stained with Coomassie brilliant blue or analyzed by
Western blotting as described (15).

Mass spectrometric analysis

The OIP-1 IP obtained as described was resolved in SDS-
PAGE and stained with Coomassie brilliant blue, and gel plugs
were processed for trypsin digestion and mass spectrometric
analysis as previously described (17). Matrix-assisted laser de-
sorption/ionization (MALDI) time-of-flight (TOF) mass spec-
trometry (MS) and TOF/TOF tandem MS were performed on a
Voyager 4700 (Applied Biosystems, Foster City, CA) using data-
dependent tandem MS acquisition on the 10 most abundant ions
present in each MALDI-TOF peptide mass map. MALDI-TOF
peptide mass maps and accompanying tandem mass spectra were
then collectively searched against the SWISS-PROT and NCBInr
databases using GPS Explorer software (Applied Biosystems)
running the MASCOT database search engine (Matrix-Science,
Boston, MA). The FcyRIIB (CD32) protein identified in the im-
mune complex with OIP-1 was further confirmed by Western
blot analysis.

Microtiter binding assay

The affinity constant for OIP-1 binding with different types of
recombinant extracellular domains of FcyR proteins (FcyRI,
FcyRIIA, FcyRIIB, and FcyRIII) was determined with a micro-
titer binding assay as previously described (18). Briefly, recom-
binant FcyR proteins (20 ug) in 0.1 M sodium carbonate buffer
(pH 9.5) were coated overnight at 4 C in microtiter plates and
blocked with 2% fetal serum albumin in PBS for 1 h at 37 C.
OIP-1 c-peptide (0-10 uM) or a nonspecific control peptide was
loaded in triplicate and incubated for 3 hat 37 C, followed by the
addition of 100 ul anti-OIP-1 antibody (1 pg/ml) or 100 ul
anti-FcyRIIB specific antibody (1 wg/ml) for a competition assay
at room temperature for 2 h. Horseradish peroxidase-conju-
gated goat antirabbit IgG (1:20,000) in blocking buffer was
added (1 h, room temperature), and the reaction was visual-
ized by the addition of 50 ul chromogenic substrate for 30
min. The reaction was stopped with 100 pl 2N H,SO,, and
absorbance at 492 nm was measured with a reduction at 630
nm using an ELISA plate reader. Dissociation constant (K)
were determined by nonlinear curve fit of the Hill function
using Kaleidagraph 4.03.

Equilibrium dialysis assay

The binding affinity of FITC-conjugated OIP-1 c-peptide was
measured by equilibrium dialysis assay as described (19). Cus-
tom microdialysis chambers (75 ul volume) were separated by a
dialysis membrane with a 10,000-Da cutoff. The dialysis cham-
ber containing 10 uM of recombinant FcyRIIB protein with
FITC-conjugated OIP-1 c-peptide incubated at 4 C overnight.
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The free and bound OIP-1 fluorescence intensity was measured
using a spectrofluorimeter.

Osteoclast culture and bone resorption activity
assay

WT, OIP-1 transgenic, and FcyRII-deficient (FcyRII™/~) (20)
mouse bone marrow cells were cultured to form osteoclasts as
described (2). Briefly, mouse bone marrow-derived nonadherent
cells (1.3 X 10%/ml) were cultured in 96-well plates in the pres-
ence of RANKL (100 ng/ml) and M-CSF (10 ng/ml) with or
without OIP-1 c-peptide (0-100 ng/ml) for 5 d. At the end of the
culture period, the cells were fixed either with 2% glutaralde-
hyde in PBS for 20 min and stained for TRAP activity or fixed
with 4% paraformaldehyde for confocal imaging. TRAP posi-
tive multinucleated osteoclasts containing three or more nuclei
were scored microscopically.

To determine the bone resorption activity, WT and FcyRII™/~
mouse bone marrow cells treated with 10 ng/ml M-CSF for 12 h,
and nonadherent bone marrow mononuclear cells (1 X 10° cells/
well) collected were cultured to form osteoclasts on sterile den-
tine slices for 10 d with or without OIP-1 c-peptide (100 ng/ml)
as described (2). At the end of the culture period, cells were
removed using 1 M NaOH and stained with 0.1% toluidine blue.
The areas of resorption lacunae on the digital images were quan-
tified using a computerized image analysis (Adobe Photoshop
and Scion Microlmaging version 3 4.2). The percentage of the
resorbed area was calculated relative to total dentine disc area.

Quantitative real-time RT-PCR

Total RNA (2 pg) isolated from the WT, OIP-1 transgenic
mice and FcyRII ™/~ -deficient mouse bone marrow-derived
osteoclast cells was reverse transcribed using random hexam-
ers and Maloney murine leukemia virus reverse transcriptase
(Applied Biosystems). The resulting cDNAs were subjected to
quantitative real-time RT-PCR using gene specific primers for
NFATcl: 5'-TTCCTTCAGCCAATCATCCCCCCAGTTAC-3’
(sense) and 5'-CGATGTCTGTCTCCCCTTTCCTCAGCTC-3'
(antisense); c-Fos: 5'-CAA CGC CGA CTA CGA GGC GTC
AT-3' (sense) and 5'-CAA GTG TGC ACG CGC TCA GAC
AA-3' (antisense); and TRAP: 5'-GGCCGGCCACTACCC-
CATCT-3' (sense) and 5'-CACCGTAGCGACAAGCAGGA-
CTCT-3' (antisense). Relative levels of gene expressions were
normalized in all the samples analyzed with respect to the levels
of f-actin: 5'-TTCTTTGCAGCTCCTTCGTTGCCG-3' (sense)
and 5'-TGGATGGCTACGTACATGGCTGGG-3’ (antisense)
amplification.

Western blot analysis

The nonadherent bone marrow cells derived from WT and
OIP-1 transgenic mice were cultured with RANKL and M-CSF
(10 ng/ml) for 2 d as described (3). Total-cell lysates obtained
from these preosteoclast cells were subjected to IP analysis of
ITIM phosphorylation of FcyRIIB, ITAM phosphorylation of
FcRy and DAP12 proteins, and phosphorylation was deter-
mined using p-Y antibody. The expressions of FcyRIIB, OIP-1,
DAP12, Syk, p-Syk, SHP 1/2, pSHP1, pSHP2, SHIP1/2,
pSHIP1/2, and B-actin were analyzed by Western blotting.

Confocal image analysis
Confocal microscopy was used to view the passage of fluo-
rescently labeled OIP-1 c-peptide and binding with FcyRIIB on
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RAW 264.7 cells. Mouse bone marrow-derived osteoclasts and
RAW 264.7 cell cultures were washed three times with PBS and
fixed with 2% (vol/vol) paraformaldehyde in PBS for 30 min.
The cell membranes were permeabilized with 0.1% (vol/vol) Triton
X-100 in PBS for 5 min. Subsequently, the cells were washed and
incubated with FITC-conjugated OIP-1 c-peptide or with anti-
FcyRIIB and anti-OIP-1 antibody for 2 h at room temperature. The
cells were washed three times and incubated with Alexa 568-con-
jugated antigoat or Alexa 488 antirabbit antibody (Molecular
Probes, Carlsbad, CA) for 1 h. The nuclei were stained with
DRAQS5 (Axxora Platform, San Diego, CA) for 10 min, and con-
focal image analysis of the cells was performed with Leica TCS SP2
AOBS laser-scanning microscopy (Leica Microsystems, Wetzlar,
Germany).

Statistical analysis

Results are presented as mean = sp for five independent ex-
periments and were compared by Student’s # test. Results were
considered significantly different for values of P < 0.0S5.

Results

OIP-1 binding to membrane FcyRIIB in osteolast
progenitor cells

We sought to identify a membrane receptor in homo-
geneous population of RAW 264.7 osteoclast progenitor
cells (21) that binds to the OIP-1 c-peptide and mediates
its osteoclast inhibitory activity. As shown in Fig. 1, FITC-
conjugated OIP-1 c-peptide (10 um) bound to RAW 264.7
cells as measured by increased mean fluorescence relative
to control cells. In addition, RAW cells incubated with a
scrambled sequence control peptide showed no significant
binding. These results indicate the presence of an OIP-1-
specific surface receptor/membrane protein partner in the
osteoclast progenitor cells. To further identify the OIP-1
binding protein in the osteoclast progenitor cells, we tran-
siently transfected RAW 264.7 cells with an OIP-1 expres-
sion vector due to low abundance of OIP-1 expression in
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these cells. OIP-1 Co-IP and SDS-PAGE analysis demon-
strated a 42-kDa protein (Fig. 2A). MS analysis of the peptide
maps with a total ion score 189 were searched against the
SWISS-PROT database. We thus identified the FcyRIIB
(CD32) associated with OIP-1 in osteoclast progenitor cells.
To confirm that FcyRIIB was present in the OIP-1 IPs from
osteoclast progenitor cells, immunoblotting was performed
with FcyRIIB specific antibody. As shown in Fig. 2B, West-
ern blot analysis further confirmed the presence of FcyRIIB
inthe OIP-1IPs. In contrast, no band was detected inimmune
complexes obtained with a nonspecific antibody.

We then performed a microtiter binding assay to con-
firm the specificity of OIP-1 affinity binding to recombi-
nant extracellular domain of FcyR proteins (FcyRI,
FcRyITA, FcyRIIB, and FcyRIII). As shown in Fig. 2C,
OIP-1 c-peptide bound to FcyRIIA and FcyRIIB with an
affinity of K; = 4.4 and 4.8 * 1.8 uM, respectively, as
calculated from a fit of the Hill function to the data (22).
The x> values for the nonlinear regressions ranged from
0.0007 to 0.005 when using 1:1 stoichiometry and no
cooperativity; reasonable fits were not found with other
stoichiometries, and allowing for cooperativity did not
approve the fits as assessed from normal analyses of the
residuals. OIP-1 binding to FcyRIIB was further con-
firmed with a competition assay measuring OIP-1 c-pep-
tide inhibition of anti-FcyRIIB antibody binding to im-
mobilized FcyRIIB in a dose-dependent manner in
comparison with a scrambled-sequence control peptide.
The results indicated a Ky of 3.2 = 0.2 uM. In contrast,
OIP-1 c-peptide showed no affinity binding to FcyRI and
FcyRIII. We also measured OIP-1 binding to FcyRIIBinan
equilibrium dialysis assay as described in Materials and
Methods. FITC-conjugated OIP-1 c-peptide incubated
with FcyRIIB had a binding affinity of K; = 3.3 = 0.4 um.
These results indicate that OIP-1 binds specifically to the
FcyRIIB expressed in murine osteoclast progenitor cells.
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FIG. 1. FACS analysis of OIP-1 c-peptide binding to RAW 264.7 cells. RAW cells were incubated with 10 um fluorescein-conjugated OIP-1
c-peptide or nonspecific peptide for 2 h and subjected to FACS analysis as described in Materials and Methods. FL, Fluorochrome.
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FIG. 2. OIP-1 binding to FcyRIIB in RAW 264.7 cells. A, Cells were transfected with OIP-1 expression vector, and the cell lysates were Co-IP with
anti-OIP-1 or control nonspecific IgG antibody. Immune complexes were separated on 12% polyacrylamide gels and stained with coomassie
brilliant blue and (B) blot transferred onto nitrocellulose for Western blot analysis using FcyRIIB specific antibody (upper panel). Lower panel shows
the Western blot analysis of OIP-1 expression in total-cell lysates (TCL) used for IP. Protein content of the samples was normalized with respect to
the levels of OIP-1 expression. C, Affinity binding of OIP-1 c-peptide to the recombinant FcyR proteins. OIP-1 c-peptide or nonspecific control
peptide were incubated in increasing amounts (0—10 uMm) with the different types of FcyR proteins (FcyRI, FCRylIA, FcyRIIB, and FcyRlll)
immobilized in a microtiter plate, and OIP-1 affinity binding was measured as described in Materials and Methods. In a competition assay, OIP-1
c-peptide or nonspecific peptide was incubated with FcyRIIB protein immobilized in a microtiter plate, and the binding rate of anti-FcyRIIB

antibody was measured.

FcyRIIB siRNA inhibits OIP-1 binding to osteoclast
progenitor cells

We further tested whether siRNA suppression of
FcyRIIB inhibits OIP-1 binding to osteoclast progenitor
cells. As shown in Fig. 3A, FACS analysis demonstrated
that binding of FITC-conjugated OIP-1 ¢c-peptide to RAW
264.7 cells and siRNA suppression of FcyRIIB signifi-
cantly inhibited c-peptide binding. Western blot analysis
confirmed siRNA suppression of FcyRIIB expression in
these cells (Fig. 3B). We further confirmed the inhibition
of OIP-1 c-peptide binding to RAW 264.7 cells transfected
with FcyRIIB siRNA by confocal microscopic analysis. As
shown in Fig. 3C, FITC-conjugated OIP-1 c-peptide
bound to the RAW cell membrane compared with non-
specific control peptide-treated cells. siRNA suppression
of FcyRIIB expression significantly decreased c-peptide
binding to these cells, thereby confirming OIP-1-specific
binding with FcyRIIB in osteoclast progenitor cells.

We recently developed mice that overexpress OIP-1 in
osteoclast lineage cells and characterized inhibition of os-
teoclastogenesis and bone resorption activity in vivo (3).
We further examined the FcyRIIB expression during os-
teoclast differentiation in WT and OIP-1 mouse bone mar-
row cultures. Western blot analysis demonstrated that the
expression levels of FcyRIIB was significantly decreased
during osteoclastogenesis in the WT and OIP-1 mouse
bone marrow cultures stimulated with M-CSF and
RANKL. We also detected low levels of OIP-1 expres-
sion in preosteoclast cells from WT mice. However,
high level expression in OIP-1 mouse derived preoste-
oclast cells (Fig. 3D). We further examined colocaliza-
tion of OIP-1 with FcyRIIB in osteoclast cells. Confocal
microscopy analysis showed colocalization of OIP-1 ex-
pression with the FcyRIIB in osteoclasts formed in
OIP-1 transgenic mouse bone marrow cultures (Fig. 3E,
merged image). These results further suggest a func-
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FIG. 3. siRNA suppression of FcyRIIB inhibits OIP-1 c-peptide binding to RAW 264.7 cells. A, Fluorescein-conjugated OIP-1 c-peptide (10 um) was
incubated with control or FcyRIIB siRNA transfected RAW 264.7 cells. FACS analysis showed a high affinity binding of FITC-conjugated OIP-1 c-
peptide to control cells. sSIRNA suppression of FCyRIIB expression inhibited OIP-1 c-peptide binding. B, Western blot analysis of siRNA suppression
of FcyRIIB expression in total-cell lysates. C, Confocal image analysis of OIP-1 c-peptide binding to RAW 264.7 cells. FITC-conjugated OIP-1 c-
peptide or nonspecific peptide was incubated with control or FcyRIIB siRNA transfected cells as described in Materials and Methods. The upper
panel depicts the binding of OIP-1 c-peptide to the cell membrane in contrast to a control nonspecific peptide-treated cells and the
expression of FCyRIIB in RAW 264.7 cells. The lower panel shows siRNA suppression of FcyRIIB expression and a significant decrease in
c-peptide binding to cells transfected with FcyRIIB siRNA. D, OIP-1 and FcyRIIB expression during osteoclast differentiation. WT and OIP-1
transgenic mouse bone marrow cells were cultured in the presence of 10 ng/ml M-CSF for 24 h. The nonadherent cells were treated with
M-CSF (10 ng/ml) and stimulated with or without RANKL (100 ng/ml) for indicated time period. Total-cell lysates prepared were subjected to
Western blot analysis for FcyRIIB and OIP-1 expression. B-Actin expression levels were also analyzed to normalize the protein loading onto
the gels in all the samples. E, Colocalization of OIP-1 with FcyRIIB on the osteoclast membrane. The OIP-1 transgenic mouse bone marrow-
derived nonadherent cells were cultured with M-CSF and RANKL for 7 d to form osteoclasts. The cultures were fixed and processed for
confocal image analysis using anti-OIP-1 antibody and FcyRIIB antibody. The merged image demonstrated colocalization of OIP-1 with
FcyRIIB on the osteoclast membrane. Magnification, X60.
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tional role for FcyRIIB in OIP-1 inhibition of osteoclast
differentiation.

FcyRIIB participation in OIP-1 inhibition of
osteoclast differentiation

FcRy transmembrane adapter proteins play an impor-
tant role in osteoclastogenesis (23). Colony-forming unit
granulocyte-macrophage (CFU-GM) is the early oste-
oclast precursor, and increased in numbers of CFU-GM in
pathological conditions resulted in increased osteoclast
formation (3). We therefore examined the effect of OIP-1
on FcyRITI ™/~ -deficient mouse bone marrow cells for os-
teoclast precursor growth in methyl-cellulose cultures as
described (3). Consistent with our previous findings that
OIP-1 treatment inhibits CFU-GM colony formation in
the WT mouse bone marrow cultures. In contrast, OIP-1
c-peptide treatment to FcyRII™/~-deficient mouse bone
marrow-derived nonadherent cells showed no significant
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change in CFU-GM colony formation (Fig. 4A). We then
examined whether FcyRIIB mediates OIP-1 inhibition of
osteoclast differentiation in vitro. As shown in Fig. 4, B
and C, OIP-1 c-peptide treatment inhibit osteoclast for-
mation in WT mouse bone marrow cultures in a dose-
dependent manner consistent with our previous results
(1). In contrast, OIP-1 c-peptide did not inhibit osteoclast
formation in FeyRII™~ mouse bone marrow cultures (Fig.
4,Band C). We also tested the effect of OIP-1 c-peptide on
bone resorption capacity of osteoclasts formed in WT and
FcyRII™'~ mouse bone marrow cultures. As shown in Fig.
4, D and E, osteoclasts formed in WT mouse bone marrow
cultures in the presence of OIP-1 c-peptide (100 ng/ml)
demonstrated a significant decrease (42.7%) in resorption
area on dentine slices compared with control untreated
cultures. However, OIP-1 c-peptide did not affect bone re-
sorption activity of osteoclasts formed in FcyRII ™/~ mouse
bone marrow cultures. The osteoclast formation and bone
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FIG. 4. OIP-1 inhibition of osteoclast formation. A, CFU-GM formation in WT and FcyRII™/~ mouse bone marrow cultures. WT and FcyRII™/~
mouse-derived nonadherent cells were cultured with hGM-CSF (10 ng/ml) in 1.2% methyl cellulose to form CFU-GM colonies. At the end of a 7-d

culture period, CFU-GM colonies (aggregates, >50 cells) formed in these cultures were scored using a light microscope. B, WT and FcyRI

I=/-

mouse bone marrow-derived nonadherent cells were stimulated with RANKL (100 ng/ml) and M-CSF (10 ng/ml) for 5 d with or without OIP-1 c-
peptide (0-100 ng/ml) for osteoclast differentiation. Magnification, x20. C, The TRAP (+) multinucleated osteoclasts formed in these cultures
were scored. D, WT and FcyRII™/~ mouse bone marrow-derived nonadherent cells (1 X 10°) were cultured to form osteoclasts on dentine slices for
10 d and (E) the percentage of resorbed area on dentine was quantified as described in Materials and Methods. The results represent
quadruplicate cultures of five independent experiments (P < 0.05). F, Real-time PCR analysis of osteoclast differentiation marker genes, TRAP, c-
Fos, and NFATc1 expression levels in WT and FcyRII™’~ mouse bone marrow cultures treated with or without OIP-1.
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resorption activity in FcRy~~ mouse bone marrow cultures
was not significantly different compared with WT mice as
reported (23). Real-time PCR analysis confirmed that OIP-1
treatment to the FcyRII ™'~ mouse bone marrow cultures did
not demonstrate a significant change in the levels of TRAP,
c-Fos, and nuclear factor of activated T-cells, cytoplasmic 1
(NFATc1) mRNA expression during osteoclast differentia-
tion compared with WT mice (Fig. 4F).

OIP-1 inhibits the ITAM phosphorylation of FcRy
and stimulates the ITIM phosphorylation of
FcyRIIB in preosteoclasts cells

FcRy and DAP12 transmembrane adapter proteins
containing ITAM domain signaling play an important role
in osteoclast differentiation (15), and the recruitment of
Syk to phosphorylated ITAM domains of these adapter
proteins is critical for functional osteoclast development
(23). Further, ITIM-bearing FcyRIIB adapter proteins are
known to inhibit ITAM signaling (24). Therefore, we
further examined the OIP-1 inhibition of FcR signaling
during osteoclast differentiation by Western blot analy-
sis. Interestingly, total-cell lysates obtained from OIP-1
mice-derived preosteoclast cells stimulated with RANKL
(0-60 min) demonstrated increased levels (4-fold) of
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ITIM phosphorylation of FcyRIIB compared with WT
mice (Fig. 5A). In contrast, OIP-1 mouse-derived preos-
teoclasts cells stimulated with RANKL (60 min) demon-
strated inhibition of ITAM phosphorylation of FcRy-sub-
unit. However, ITAM phosphorylation of DAP12 protein
was not affected in OIP-1 mice-derived preosteoclast cells
compared with WT mice (Fig. 5, B and C). Also, OIP-1
c-peptide treatment to nonadherent bone marrow cells
obtained from FcyRII ™/~ -deficient mice showed no sig-
nificant change in the phosphorylation of ITAM (Fig. 5D).
The tyrosyl-phosphorylated ITIM has affinity with cyto-
plasmic SH2 domain-containing phosphatases like SHP1,
SHP2, and SHIP proteins (25). Evidence indicates that
these inhibitory proteins dephosphorylate tyrosines in
ITAMs bearing FcRs (11). Therefore, we further deter-
mined the levels of SHP1,2 and SHIP in the OIP-1 trans-
genic mice-derived preosteoclast cells. Total-cell lysates
obtained from OIP-1 mice-derived preosteoclast cells
stimulated with RANKL demonstrated a significant in-
crease (3-fold) in phosphorylation of SHP1 but not SHP2.
Also, there is no significant change in the levels of phos-
pho-SHIP (pSHIP), pSHIP1 and pSHIP2. Interestingly,
preosteoclast cells from OIP-1 mice stimulated with
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FIG. 5. OIP-1 inhibits the ITAM phosphorylation of FcRy chain and stimulates the ITIM phosphorylation of FcyRIIB. A, WT and OIP-1 mouse bone
marrow cells were cultured in the presence of M-CSF (10 ng/ml) for 24 h. The nonadherent cells were treated with M-CSF (10 ng/ml) and
stimulated with RANKL (100 ng/ml) for the indicated period (0—60 min). Total-cell lysates obtained were IP with FcyRIIB and Western blot analyzed
using p-Y antibody. B, WT and OIP-1 mouse bone marrow-derived nonadherent cells were treated with M-CSF and stimulated with or without
RANKL (RL) for 60 min. The total-cell lysates were subjected to IP with FcR y-chain specific antibody followed by Western blot analysis using p-Y
antibody. C, Total-cell lysates were IP with DAP12 antibody and Western blot analyzed using p-Y antibody. D, The nonadherent bone marrow cells
obtained from FcyRII™/~ mice treated with M-CSF and with or without OIP-1 were stimulated with RANKL for 60 min. Total-cell lysates were IP
with FcR y-chain specific antibody and Western blot analyzed using p-Y antibody. E-G, WT and OIP-1 mouse bone marrow-derived nonadherent
cells were treated with M-CSF and stimulated with or without RANKL for 2 d. The total-cell lysates obtained from the preosteoclasts was subjected
to Western blot analysis for SHP1/2, pSHP1, pSHP2, SHIP1/2, pSHIP1/2, Syk, p-Syk, and B-actin expression.
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RANKL had a 4.5-fold decrease in the levels of phospho-
Syk compared with WT mice (Fig. 5, E-G), suggesting that
FeyRIIB-containing ITIM recruits pSHP1 in OIP-1-de-
rived preosteoclasts cells and down-regulates the ITAM
signaling of FcRy. B-Actin expression levels were normal-
ized in all samples analyzed as loading controls in these
experiments. Thus, our results indicate that OIP-1 signals
through the membrane FcyRIIB in osteoclast progenitor
cells to inhibit osteoclast differentiation.

Discussion

OIP-1 is a member of the Ly-6 gene family that is highly
expressed in activated T cells and a low level expression in
osteoclasts (1). OIP-1 overexpression in osteoclast lineage
cells produced an osteopetrotic bone phenotype in mice
due to inhibition of osteoclast formation/bone resorption
activity in vivo (3). Ly-6A (Sca-1) knockout mice had de-
creased bone mineral density and bone mineral content
(26), implicating an essential role for the LY-6 gene family
in normal bone remodeling. Our findings with FACS and
MS analysis suggested that OIP-1 binds to the membrane
FcyRIIB adapter protein expressed in osteoclast progen-
itor cells. Microtiter binding experiments demonstrated
that the OIP-1 c-peptide binds to recombinant FcyRIIB
protein with an affinity of K approximately 4 um. How-
ever, it is notable that the affinities of FcyRII for its tra-
ditional IgG ligands are also on the order of 1 um (27).
Most important is the fact that OIP-1 inhibition of oste-
oclast differentiation observed at 3 uM in our previous
studies correlates with the measured affinity binding of
OIP-1 with FcyRIIB. Lack of binding to FcyRI and FeyRIIT
confers the specificity of OIP-1 binding to FcyRIIB. Be-
cause the a-subunits are highly conserved in their ligand
binding extracellular domain, it is not surprising to see
high affinity binding with both FcyRITA and IIB proteins.
However, FcyRIIA expression is known to be restricted to
human cells (28). Also, microscopic evidence of colocaliza-
tion of OIP-1 expression with FcyRIIB on the osteoclasts
membrane further suggests a functional role for OIP-1 af-
finity binding with FcyRIIB in osteoclasts. Our results, indi-
cating a significant decrease in FcyRIIB expression upon os-
teoclast maturation, imply OIP-1 inhibition of FcyRIIB
signaling during osteoclast differentiation.

FcRy signaling through ITAM domain is critical for
osteoclast differentiation under physiological conditions.
Osteoclast precursors derived from the OIP-1 mice dem-
onstrated suppression of ITAM phosphorylation of FcR
v-chain but not DAP12 protein compared with WT mice.
The FcR common y-chain is an essential component of the
FcRs (FceR1, FeyRI, and FcyRIII), which play a key role in
the signaling functions (29, 30). However, our findings
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that OIP-1 interaction with FcyRIIB and stimulation of
ITIM phosphorylation suggests that OIP-1 ligation to
FcyRIIB suppressed ITAM activation of FcRvy. These re-
sults are consistent with previous studies that cross-regu-
lation of ITIM and ITAM signaling may occur in an au-
tocrine/paracrine manner, as it has been reported earlier
(31). Previously, it has been reported that mice lacking the
immunomodulatory adapter proteins DAP12 and FcRry
exhibit severe osteopetrosis. However, they develop teeth,
distinguishing their phenotype from Src™’~ and RANKL-
deficient mice (23). Similarly, OIP-1-overexpressing mice
despite the osteopetrotic bone phenotype had normal
tooth eruption. Therefore, it is possible that OIP-1 binding
and FcyRIIB signaling may have implications in spatial
skeletal modeling. It has been shown that in osteoclast
precursor cells, FcRy and DAP12 associate with multiple
immunoreceptors. Therefore, OIP-1 may influence the
ITAM-dependent costimulatory signaling-activated mul-
tiple immunoreceptors that are essential for the mainte-
nance of bone homeostasis (15). In this study, activation
of SHP1 in OIP-1 mouse-derived preosteoclasts indicates
SHP1 modulation of ITIM-ITAM costimulatory signaling
to inhibit osteoclast formation. Preosteoclast cells from
OIP-1 mice in the presence or absence of RANKL had
significantly less phospho-Syk compared with WT mice.
However, it has been shown recently that Syk deficiency
diminishes osteoclast function but does not impair differ-
entiation in concert with ¢-Src, avB3 integrin, and ITAM
immunoreceptors (32). Therefore, it is unlikely that OIP-1
may affect ITAM-dependent calcium signaling through
phospholipase C-y during osteoclast differentiation. Be-
sides, it is also reported that ITAM phosphorylation and
Syk activation are through the y-chain of FcyRI and
FcyRII proteins (23, 33). Thus, it is possible that costimu-
latory signals among ITIM and ITAM motifs may involve
in OIP-1 suppression of Syk activation (28). Although
FcRyyis also involved in signal transduction of osteoclast-
associated receptor (34), which is critical for osteoclast
differentiation, the effect of OIP-1 on downstream signal-
ing molecules is yet to be elucidated. We have previously
shown that the OIP-1 signaling mechanism is independent
of NF-kB activation and involves suppression of p-c-Jun
kinase to inhibit osteoclast formation (2). Also, OIP-1
mouse-derived preosteoclast cells had significantly less
TRAF-2 and NFATc1 expression, but TRAF-6 and
RANK expression were unchanged in these cells (3). Re-
cent studies also demonstrated that Bruton’s tyrosine ki-
nase and Tec tyrosine kinases in cooperation with RANK
signaling modulate the osteoclast function (33). However,
we find no change in Tec and Bruton’s tyrosine kinase
levels in OIP-1 mouse preosteoclasts cells compared with
WT mice (data not shown). Therefore, our findings of
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OIP-1 interaction with FcyRIIB should provide further
insights into complex regulatory mechanisms operative
during osteoclast differentiation. Thus, our results suggest
that cross-regulation of ITIM and ITAM bearing FcRs
may play a role in OIP-1 suppression of Syk activation and
inhibition of osteoclast differentiation.

OIP-1 overexpression in osteoclast lineage in vivo or
synthetic OIP-1 c-peptide treatment to bone marrow cul-
tures relatively at high concentrations affect ITAM sig-
naling essential for osteoclast development. However, we
show that OIP-1 is expressed at low levels in preosteoclast
cells from WT mice. Further, OIP-1 also termed TSA-1 has
been shown to be critical for normal embryonic develop-
ment due to lethality in gene knockout mice (35). Earlier,
we have demonstrated that inflammatory cytokines, such
as interferon-y and IL-12, induce OIP-1 expression in
preosteoclast cells (2, 36). Thus, OIP-1 may have a regu-
latory role in osteoclast development in bone microenvi-
ronment at physiological/pathologic conditions. In sum-
mary, OIP-1 signals through the membrane FcyRIIB in the
osteoclast precursor cells to inhibit osteoclast differenti-
ation and may have therapeutic utility for treatment of
bone diseases with high bone turnover, such as osteopo-
rosis and Paget’s disease of the bone.
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